Introduction
Anti-hepatitis B immunoglobulin (HBIG) has been a standard tool for post-transplant hepatitis B virus (HBV) prophylaxis in patients who receive a liver transplant because of severe liver disease caused by HBV. [1] [2] [3] When the prophylaxis is not properly given, clinically significant graft reinfection followed by graft failure is highly likely to occur within 6-12 months after the transplantation. 4, 5 There has been notable improvement in antiviral agents during the past decades, and several reports of successful HBV defense using these agents alone have been published. [6] [7] [8] [9] However, in many cases, inferior outcome of HBV prophylaxis with antiviral agents alone or with short-term HBIG treatment has been compared with the standard combination of HBIG and antiviral agents. [10] [11] [12] [13] Experts consider that prophylaxis without HBIG is not sufficient to assure an optimal prognosis and, thus, that HBIG remains the mainstay of prophylaxis, particularly in endemic areas where the viral load of patients is relatively high. 2, 14 Efforts to diminish the contribution of HBIG in HBV prophylaxis have nevertheless continued for 2 major reasons: 1) HBIG is relatively expensive and 2) because HBIG is given parenterally, patients are required to visit a hospital for HBIG administration and this may result in noncompliance and/or additional medical expenses. These disadvantages are particularly problematic when high-dose HBIG is used and/or the treatment period of HBIG is prolonged. To balance the necessity and the inherent weakness of HBIG treatment, the HBIG regimen may be adjusted according to the risk of HBV recurrence in each patient. 4, 14 To facilitate this approach, a well-established exposure-response relationship for HBIG allowing an estimate of the HBIG dosing regimen and prior information regarding evidence-based risk assessment are required.
Various studies focusing on the probability of HBV recurrence by examining the underlying patient condition at the time of transplantation have been conducted. 1, 3, 15, 16 Surprisingly, only a few reports on the full pharmacokinetics (PK) of HBIG in post-transplant patients exist. Evidence required to link the exposure level (HBIG concentration or PK parameter) to the prediction of prophylaxis outcome is lacking. Various monitoring strategies to evaluate the adequacy of treatment, such as maintaining trough concentration over 300 or 150 IU/mL, are currently practiced at the physician's discretion. 14, [17] [18] [19] As a first step to establish a quantitative exposure-response relationship, a patient-based PK study was designed using a sparse, repetitive, sampling technique to explore the PK properties of HBIG during the first 6 months after transplantation. The influence of baseline patient conditions including clinical and viral parameters was also evaluated. Because quantification methods for plasma HBIG are essential to monitor concentration, various assay methods were compared.
Materials and methods ethical considerations
This research was performed as a prospective PK study that was designed and monitored in accordance with the Good Clinical Practice of the International Conference on Harmonization and with the principles of the Declaration of Helsinki and its amendments. An independent institutional review board at The Catholic University of Korea Seoul St Mary's Hospital approved the research protocol before execution of any research-related procedures. Written informed consent was obtained from all participants before their enrollment in this research. This clinical research was registered at ClinicalTrials.gov (NCT02125071).
Participants
Patients with hepatitis B aged 18 years who were positive for HBV surface antigen (HBsAg) and were to receive a liver transplant followed by HBV prophylaxis in The Catholic University of Korea Seoul St Mary's Hospital were eligible to participate in this study. The exclusion criteria included multiorgan or repeated transplantation, end-stage renal disease, immune compromise or deficiency, human immunodeficiency virus and/or hepatitis C virus infection, use of any other immunoglobulin treatment, and pregnancy. The target number of participants was 20. This number was not calculated for securing statistical power because the study purpose was to explore HBIG PK, rather than to test a hypothesis.
study design
Patients were screened within 4 weeks of the day planned for liver transplantation. When a patient met the inclusion/ exclusion criteria, they were enrolled as a participant. After enrollment, clinical data that were routinely obtained to evaluate the adequacy of a patient's medical condition for liver transplantation (eg, vital signs, laboratory test results, electrocardiography, and HBV drug resistance mutation) were recorded and used for baseline characteristics. As factors potentially influencing HBIG PK, the level of HBV DNA was measured quantitatively and the presence of HBsAg, antibody to HBsAg (HBsAb), HBV envelope antigen (HBeAg), and antibody to HBeAg (HBeAb) was assayed qualitatively at clinically determined intervals (7 points; before and immediately after the transplantation, 1, 7, 28, 84, and 168 days after transplantation).
The study drug used as the HBIG agent was Hepabig injection 200 IU/mL (Green Cross, Yongin, South Korea). An identical dose of 10,000 IU (50 mL as the study drug) was mixed with saline and infused over 1 h at every dosing for all participants. The first infusion was started within 30 min after the removal of infected liver during the transplantation. Subsequent doses were given daily until 7 postoperative days (PODs), weekly thereafter until 28 PODs, and monthly thereafter. The antiviral therapy that was commonly combined in all participants included nucleoside and nucleotide analogs. For the transplant, HBIG dosing, and clinical follow-up, the participants were generally hospitalized from several days before transplantation Drug Design, Development and Therapy 2017:11 submit your manuscript | www.dovepress.com
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The PK sampling was planned and performed based upon the assumption that the PK characteristics of HBIG would be described using a one-compartment model (log concentration would drop linearly from the end of infusion), which is generally used as a PK profile for immunoglobulin G products. [20] [21] [22] Thus, a peak-trough sampling strategy was used at PODs 1, 7, 28, 84, and 168. For reference points, baseline PK samples were obtained within 3 days before the transplantation and at the end of intraoperative infusion (1 sample each). If a participant completed the participation per protocol, 12 samples would be obtained. 
Quantification of serum anti-HB activities
PK analysis
A mixed-effect modeling and simulation using NONMEM (version 7.3; Icon Development Solutions, LLC, Hanover, MD, USA) was utilized in the PK analysis, which has been considered as a criterion standard to deal with sparse data. The data set consisted of patient identification number (ID), actual time of event (start of infusion or sampling), dosing amount, duration of infusion, HBIG concentration of the corresponding sample, and patient information at the event time including demographic, clinical, and viral characteristics. HBIG concentrations measured from all available samples were included. To compare the methods of quantification, modeling procedures were performed separately using concentration values from each analytical modality.
All PK parameters and their between-subject variability (BSV) were expressed as a submodel. For example, when exponential BSV was recruited, the submodel is
where P ij is the jth parameter estimate for the ith individual, θ j is the typical population value of the jth parameter, and η ij is a random variable normally distributed with a mean of 0 and variance of ω i 2 . The dispositional structure was fixed to be one compartment with linear elimination. To estimate parameters, the first-order conditional estimation with interaction option (FOCE-I) was used whenever possible.
The model was determined based on both numerical and visual criteria such as objective function value (OFV) and diagnostic plots, including goodness-of-fit and individual plots. In each modeling step, model improvement was checked with a likelihood ratio test, and a better model was selected when the OFV decreased 3.84 (P0.05, df=1) or 5.99 (P0.05, df=2) by the addition of a parameter(s). All the variables regarding patient information were screened numerically (eg, generalized additive modeling [GAM]) and visually (eg, scatterplots of parameters versus covariates) followed by an evaluation as a fixed structure in the model to identify meaningful influential factors. The final model was evaluated using a bootstrap procedure and visual predictive check (VPC).
A 48-week simulation to determine the dose-trough level relationship was performed based on the final PK model and parameter estimates. In each simulation scenario with varied doses, 500 replicates of the original data set, only with different dose levels, were produced to generate prediction intervals.
Results
Patient disposition, demographics, and data set
A total of 20 participants (18 men and 2 women) were screened and enrolled in this study. Among the participants, 18 completed the protocol (2 participants died during participation from myocardial infarction and esophageal varix bleeding, respectively). The participants were aged 53.60±9.48 years and weighed 72.51±9.94 kg (mean ± standard deviation). The use of concomitant medication that was likely to have a drug-drug interaction with HBIG was not reported ( Table 1) . The final analysis data set included 228 HBIG concentration data points; however, in actual practice, the intraoperative data were excluded because of inconsistency, so that 208 points remained in the data set (one concentration value for each participant was removed).
Final PK model
The plasma concentration of HBIG measured using CMIA was chosen as the dependent variable for the final PK model (the reason will be discussed in the "Comparison of quantification methods" section). HBIG was found to be rapidly eliminated from the body in the periods relatively close to the time of transplantation, and the elimination rate gradually decreased thereafter. This trend in clearance (CL) was described using the sum of 2 exponentials, and the second exponential component decreased asymptotically to the final value for CL (0.0064 L/h). The first exponential component started from the value of 0.440 L/h and decreased rapidly with a half-life of 19.8 h resulting in a negligible value at around 4-5 days after transplantation. The typical value for volume of distribution (V d ) was estimated as 3.20 L. When considering the estimated final values for CL and V d , the terminal half-life of HBIG at the maintenance period (when monthly dosing is given) was predicted to be 346.5 h.
A total of 130 sets (HBV DNA, HBsAg, HBsAb, HBeAg, and HBeAb) of covariate data were obtained from the subjects. The only covariate incorporated in the model was HBV DNA titer. HBV DNA titer was the highest before the transplantation (median 1,711 copies/mL, ranging from 17 to 515,898 copies/mL) and drastically decreased with the first administration of HBIG (median 233 copies/mL, ranging 0-16,032 copies/mL). The median titer was maintained below 20 copies/mL from POD 1. Under the assumption that the antigen-antibody binding would occur immediately after HBIG administration and the amount of antibody that formed the antigen-antibody complex would not be detectable in plasma, 23 the effect of DNA titer was reflected in the relative fraction of HBIG detected (F). The submodel for F that produced the best fit was a sigmoid structure as follows: where DNA is the HBV DNA titer. According to this model, the initial dose should be doubled in patients who have a baseline HBV DNA titer of 1,050 copies/mL (when F =0.5) compared with patients in whom HBV DNA is not detectable. In addition, it could be confirmed that pre-dose HBIG level was negligible from the qualitative HBsAb assay that showed negative result for every subject. The model structure and final parameter estimates are presented together in Table 2 with the bootstrap results. Figure 1 is a basic goodness-of-fit plot for the final model, and Figure 2 shows the results from VPC.
Comparison of quantification methods
We selected CMIA as the best method, and the modeling results using CMIA concentration data are presented as representing outcome. This is because the minimized OFV was the smallest for the CMIA method (CMIA  ECLIA  ELISA  RIA). Accordingly, final model fit to the CMIA data had the least variance of residual error compared with that of the other methods (CMIA ≈ ECLIA  ELISA  RIA). When V d was compared as a scaling factor, the relative magnitudes were 0.92, 0.62, and 0.73 for ELISA, ECLIA, and RIA, respectively (CMIA =1). That is, the concentration level determined by ELISA, ECLIA, and RIA was 1.09, 1.61, and 1.40 times higher than that of CMIA for the same plasma sample ( Table 3) .
simulation of maintenance period
The simulation results at 48 weeks post-transplant are given in Figure 3 . According to the results, we could determine the maintenance monthly dose (infused over 1 h at each dosing) required by the proportion of patients who would attain the target trough level. The maintenance doses (in IU) to ensure the target attainment in 90%, 95%, and 99% of patients were expected to be ~16.3 (0.84% coefficient of variation [CV]), 19.5 (1.28% CV), and 27.5 (2.77% CV) multiplied by the 
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Mixed-effect modeling for post-transplant hBig PK target trough level (in IU/L). For example, if a physician plans to maintain the trough level above 150 IU/mL with monthly HBIG dosing in 95% of patients, the required dose predicted by this simulation will be 2,730 IU or simply 3,000 IU for the ease of clinical practice.
Discussion
We have investigated the PK profile of HBIG from the time immediately after liver transplantation to the 6-month follow-up visit including factors influencing PK parameters. With actual knowledge of the PK of immunoglobulin G, a one-compartment model could be used as a fixed structure. The application of this structure to our study was considered reasonable because 1) the PK profile in previous reports indicates linear elimination, 2) the final estimate for V d is physiologically plausible (similar to serum volume in adults, ~50% of blood volume), and 3) the estimated terminal half-life is within the known range of HBIG half-life. 20, 24, 25 Thus, the findings from this study generated using the onecompartment model can be justified. CL is relatively higher in the early post-transplant period with largest BSV resulting in a broad range of trough levels among the patients. This may result from an increase in the metabolic rate after major surgery and the contribution of HBsAg to the elimination of HBIG. 26, 27 The influence of HBsAg on the HBIG CL is considered as a covariate for dose individualization during the first week or even month after the transplantation when the viral effect on the HBIG elimination may be significant. Although HBsAg did not show any clear relationship with the HBIG concentration 
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Mixed-effect modeling for post-transplant hBig PK in this study, we consider this is because of the insufficient data obtained at only one point per visit (for clinical reasons) and the test method is not adequate to generate data for quantitative analysis. Because HBsAg is the direct target of HBIG, there can be a target-mediated disposition between these molecules; thus, the influence of HBsAg on the HBIG CL needs to be quantified in future studies with an hourly sampling design to measure both HBsAg and HBIG levels during the immediate post-transplant period.
Because of the small number of observations for viral markers (titers for HBsAg, HBeAg, and HBV DNA), only one variable (HBV DNA) could be identified as a factor influencing the PK of HBIG. In the covariate screening step, because HBV DNA had the highest correlation with the CL and V d of HBIG, it was considered more reasonable to include this variable as a covariate for F (making CL/F, V d /F). This is a realization of the effect of binding of HBIG to the antigen, rather than a true bioavailability of HBIG, which was given intravenously. Nevertheless, this finding supports suggestions to individualize HBIG by HBV DNA titer. 19 In addition, we could present a preliminarily quantitative relationship between HBV DNA titer and adjustment of dose.
In the maintenance period (1 month from transplantation), the PK profile tends to be stabilized among patients because the magnitude of BSV in CL decreases and HBV DNA was undetectable in most patients. From this finding, the current fixed dosage regimen, which is equally applied to every patient, may be justified, and the recommended maintenance dose for 1-month dosing interval can be determined by the target trough HBIG titer. A rough guideline could be built from the simulation study results, which is more practical and can be clinically implemented as: In many studies performed under clinical settings, the minimum monthly dose tends to be 2,000 IU when the target level is 100 IU/L. 28 This dose-concentration relationship can be explained with our model that the predicted level of target attainment is 95%. Thus, the authors believe that our model reliably reflects the PK characteristics of HBIG and that it can be applied to the clinical practice. In other words, the relationship may be considered as a quantitative 
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han et al justification of long-term maintenance HBIG dose that is empirically decided in many cases. Despite the finding that CMIA was the most precise method for HBIG quantification in terms of the residual error of the final model, there are considerable discrepancies between studies. 29 In particular, the relative level of concentration between analytical methods may vary according to the analytical settings and assay kits used.
Conclusion
As seen from the few participants of this study whose HBIG concentration was 500 IU/L on POD 1, some patients may require an amount of HBIG higher than the current dose (10,000 IU) to achieve a level that is protective according to their patient characteristics (demographic, clinical, and viral) and current HBV DNA titer. 3 By contrast, some patients may be unnecessarily burdened by the high cost of medication after administration of unnecessarily high doses of HBIG. We believe that this study may contribute to the quantitative individualization of HBIG therapy, particularly during the early post-transplantation period and that continuous efforts should be made to explore influential factors other than currently known qualitative variables to predict the PK profile in each patient and to determine an optimal dosage regimen for individuals.
